To understand the importance of plasticity of central processing organs (i.e., stomach and intestinal organs) to animals in the wild, field studies of changes in organs and their relationships with variable environmental conditions and energy demands are needed. We determined relationships among diet quality, indicators of energy demand, sizes of central processing organs, and rate of nutrient uptake in free-living white-footed mice (Peromyscus leucopus) in western Kentucky. Moderate winters and dry summers characterized the study site. In contrast to studies conducted in more extreme environments, we found limited differences in the sizes and function of central processing organs among seasons. Masses, but not lengths of intestinal organs or the rate of glucose uptake, differed among seasons. Heart and spleen masses, but not masses of the lungs, kidneys, or liver, also differed among seasons. Differences in the amount of food ingested and percentage of protein in the diet were likely contributors to seasonal differences in intestinal organ masses. Lactation was associated with heavier masses of all central processing organs and increased rate of glucose uptake, but not with heavier masses of vital organs. Greater size and function of intestinal organs during lactation was attributed primarily to high energy demand and secondarily to diet. We postulated that large changes in size and function of central processing organs in free-living mammals occur during intense, but not moderate, changes in energy demand and diet composition and are dependent on the type of energy demand incurred.
The ability of animals to accommodate change in energy demands previously has been related to phenotypic plasticity in the size and function of organ systems (Piersma and Lindstrom 1997; Starck 1999) . Of particular interest has been variation in central processing organs (i.e., organs of ingestion, digestion, and assimilation) because of their potential to limit rates of energy use. The results of many laboratory studies have demonstrated that change in the masses and function of central processing organs of mammals (Derting and Austin 1998; Derting and Bogue 1993; * Correspondent: terry.derting@murraystate .edu Hammond and Wunder 1995; Konarzewski and Diamond 1994; Koteja 1996a Koteja , 1996b Loeb et al. 1991; McDevitt and Speakman 1994; Speakman and McQueenie 1996) and other vertebrates (Moss 1989; Diamond 1996, 2000) are associated with large increases in energy demand and change in diet quality.
Despite the flexibility exhibited by central processing organs, results of several experiments have indicated that central processes probably do not limit rates of energy use, at least not in laboratory animals (Hammond and Kristan 2000; Koteja 1996a Koteja , 1996b . In addition, species within a taxon (e.g., Rodentia) do not necessarily exhibit similar changes in central processing organs when exposed to similar energetic challenges in the laboratory (Derting and Austin 1998) . Furthermore, change in central processing organs clearly occurs in animals in the field but the causes of changes (or lack thereof) and their significance to maintenance of energy balance in variable environments have not been clearly defined (Derting and Noakes 1995; Hammond 1993; Voltura 1997) . Thus, the question of the importance of plasticity in central processing organs as a means of accommodating change in energy demands in the field remains unclear.
A decade ago, Wunder (1992) emphasized the need for field biologists to conduct more studies of seasonal change in central processing organs and to determine whether the changes are related to reproductive condition and food habits, so that we may understand the biological significance of such changes. Since his publication, most field researchers that have studied seasonal variation in organ sizes lacked accompanying data on organ function and quantification of energetic challenges and environmental conditions (e.g., energy demand and diet quality) that the animals likely encountered (Appendix I). Studies such as those recommended by Wunder (1992) not only assist in interpretation of the functional significance of organ change in the wild, but also in laboratory animals. Laboratory studies allow for controlled increases in energy demand or changes in dietary factors but cannot encompass the variety of stressors encountered on a daily or seasonal basis by animals in the wild (Hammond and Kristan 2000) . In addition, laboratory strains of mice and other mammals bred for many generations in the laboratory often exhibit higher reproductive rates than their counterparts in the wild (Derting and McClure 1989; Hayssen et al. 1993) . Artificially elevated levels of organ change may subsequently occur as a result of higher rates of energy use (e.g., greater reproductive effort and faster growth). As a result, the adequacy of laboratory data as indicators of the functional significance of organ changes in free-living animals is questionable.
We used the white-footed mouse (Peromyscus leucopus) to examine relationships between variation in environmental conditions and organ size and function. Our study differed from previous studies in that we measured functional activity (i.e., nutrient uptake) of the small intestine along with measurements of organ size. In addition, we simultaneously estimated energy demand and diet quality. We chose the white-footed mouse as our model species because species of Peromyscus exhibit change in organ sizes during exposure to cold (Derting and Noakes 1995; Hammond and Kristan 2000; Koteja 1996b ), reductions in diet quality (Green and Millar 1987) , and lactation (Hammond and Kristan 2000) . The whitefooted mouse selects for foods that are high in energy (Lewis et al. 2001) , exhibiting a widely varied diet that changes seasonally (Wolff et al. 1985) . Given these characteristics, free-living white-footed mice were expected to show seasonal variation in the sizes and functions of central processing and other organs.
MATERIALS AND METHODS
Animals.-Adult white-footed mice were livetrapped in Calloway County, Kentucky, during each season (spring, April-June; summer, August-September; autumn, November-December; and winter, January-February). We selected the months of trapping so that animals would be captured when environmental conditions were likely to be most stressful. August and September are typically months of high temperatures and little precipitation. January and February are usually the coldest winter months in western Kentucky. We captured 8 adult males each during autumn, spring, and summer and 11 adult males during winter to determine seasonal differences in organ size and function and diet quality. In addition, we collected 8 lactating or pregnant-and-lactating females during summer to examine organ size and function during an intense energetic challenge. Reproductive status of females was determined by observation of enlarged nipples and palpation to detect fetuses.
Sherman live traps (23 by 8 by 9 cm) were opened at dusk, sprayed inside with vanilla extract as an attractant, checked every 3 h, and closed at dawn. We used a nonedible attractant to avoid contamination of stomach contents. High and low ambient temperatures were measured at ground level each day during the months that we trapped. Data on precipitation during the trapping seasons, precipitation during the 5 previous years, and high and low temperatures during the 5 previous years were obtained from the University of Kentucky Agricultural Weather Center (Paducah, KY).
Diet quality.-Because diet quality affects energy intake and nutrient assimilation, we assessed the quality of diet ingested by each animal. The percentage nitrogen and fiber in the contents of the stomach and contents of the colon (i.e., feces) were determined in each season except autumn. Colon contents were used for fiber analyses because some animals had little or no stomach contents. During autumn, masses of colon contents of animals were insufficient for analysis of fiber content. We increased the number of males obtained from the field during winter to ensure adequate amounts of colon contents. Stomach and colon contents were removed after wet masses of organs with contents had been measured. Contents were dried at 57ЊC for 48 h and weighed. Each sample was then crushed into a fine powder. Three subsamples of 0.5-1 mg each were taken from each sample and packaged in a small piece of aluminum foil. The packaged samples were combusted completely in a CHSN/O analyzer (Series II, PerkinElmer 2400, Boston, Massachusetts). Crude protein content of each sample was calculated by multiplying percentage nitrogen by 6.25 (Randolph et al. 1995) .
Fiber content of stomach and colon samples was estimated as neutral detergent fiber (Goering and Van Soest 1970) . Samples weighing less than 0.03 g were combined with other like samples from animals of the same sex and season. A 0.03-to 0.15-g portion of each sample, or combined samples, was then analyzed.
Experimental measurements.-After 1 or 2 mice of the appropriate sex and age had been captured during a trap check, all traps were closed for the night and mice were brought immediately to the laboratory where they were euthanized, weighed, and dissected. The small intestine was removed, trimmed of fat, and its length measured along a ruler without stretching (Ϯ1.0 mm). The wet mass of the intact small intestine was measured after blotting the organ dry. The small intestine was then cut into 3 sections of equal length: proximal, middle, and distal. The middle one third was used immediately for estimation of the maximal rate of active glucose uptake. The stomach, spleen, proximal and distal thirds of the small intestine, and remaining corpse were placed in separate weighing trays filled with cold Ringer's solution. Upon completion of measurements of glucose uptake, dissection and measurement of gastrointestinal and vital organs were completed.
Gastrointestinal organs.-Lengths and wet masses of the proximal and distal thirds of the small intestine, cecum, and colon were measured by using the procedure described previously for the intact small intestine. Organs were then opened lengthwise, contents were rinsed out with Ringer's solution, the organs were blotted dry, and wet masses without contents were measured. A portion of the proximal end of each of the 2 sections of the small intestine, 1 cm in length, was scraped gently with a glass microscope slide to obtain the mucosa. Wet mass of the mucosa was calculated as the difference in mass of the slide with and without the mucosa. Mucosal samples, gut organs, and small intestine sections were dried to a constant mass in a drying oven at 57ЊC and their dry masses were recorded. Total dry mass of each small intestine section was estimated as [dry mass of the section/(section length Ϫ 1)] ϫ section length. Total wet and dry mass of mucosa of each section was estimated as the product of wet or dry mass of mucosa from the 1-cm piece of the small intestine and section length. The difference between mucosal dry mass and total dry mass of a section was used as an estimate of the mass of the serosa of that section.
Brush border glucose uptake.-We estimated maximum rate of active uptake of D-glucose across the brush-border membrane by using the everted-sleeve technique (Karasov and Diamond 1983) . The technique allows for evaluation of nutrient uptake rate but does not measure the actual amount of nutrient transported and assimilated. The middle one third of the small intestine was everted onto a 3-mm-diameter glass rod and washed with cold Ringer's solution (290 mOsm). Six 1-cm sleeves of tissue were cut from the middle section of intestine. Sleeves of tissue were then affixed individually to a 20-cmlong, 3-mm-diameter glass rod with the brush border of each sleeve facing outwards. Tissues were kept viable through submersion in cold (5ЊC) oxygenated Ringer's solution. To measure glucose uptake, sleeves were incubated for 2 min in a bath of 37ЊC Ringer's solution that contained 50 mM D-glucose (PerkinElmer New England Nuclear, Boston, Massachusetts) and trace amounts of 14 C-D-glucose and 3 H-L-glucose (Hammond and Kristan 2000) . The 50 mM of unlabeled glucose replaced 25 mM of sodium chloride in the Ringer's solution, thereby maintaining osmolarity at 290 mOsm. 14 C-D-glucose was used as the probe isotope and 3 H-L-glucose was used as a transport marker for adherent fluid and passive uptake. Uptake of radioactively labeled glucose into intestinal tissue was determined using a scintillation counter. Calculations of active glucose uptake followed those of Karasov and Diamond (1983) .
Vital organs.-As energy demand and diet quality varied, masses of vital organs also were expected to vary (Hammond and Janes 1998; Hammond et al. 1999; Speakman and McQueenie 1996) . The heart, lungs, liver, kidneys, and spleen were removed, cleaned of fat and connective tissue, blotted, and weighed. Masses were measured again after drying each organ to a constant mass in a drying oven at 57ЊC. Masses of the organs were used as an index of basal energy requirements.
Statistical analyses.-Mean body masses of mice differed by almost 10% among seasons. Therefore, all seasonal measurements of organ masses were compared by using analyses of covariance (ANCOVA) with body mass as the covariate. To verify that probability values from covariate analyses were not influenced by season, tests of homogeneity of regressions (parallelism) were performed. The probability values option (PDIFF with Tukey's test) of the general linear model (SAS Institute Inc. 1999) was used to determine differences among the least-squares adjusted means. Data pertaining to diet quality and rate of glucose uptake were compared among seasons by using analyses of variance (ANOVA). Means for significant ANOVAs were compared by using Tukey's studentized range test, which controls for type I experiment-wise error rate (SAS Institute Inc. 1999).
To determine relationships between our measured variables and lactation, data from lactating females were compared with data from males captured in summer. Males, rather than nonreproductive females, were used for comparisons to avoid residual effects of previous reproductive activity on the sizes of organs. Effects of lactation on gastrointestinal organs decrease gradually after young have been weaned (Hammond and Diamond 1992) . Therefore, measurements of organs from females that appeared to be nonreproductive were likely to have been inflated as a result of previous lactation. Also, previous studies have shown that in some species of mammals the gastrointestinal organs of males and nonreproductive females do not differ significantly in the field Derting 1996; Myrcha 1964; Norrie and Millar 1990 ). In our study, body masses of lactating females were almost 10% greater than those of summer males. Therefore, we used ANCOVAs to compare measurements of organ masses with body mass as the covariate. Data pertaining to diet quality and rate of glucose uptake were compared by using t-tests. For ease of comparison with other published studies, all data in tables are reported as nonadjusted means Ϯ 1 SE. Nonadjusted means for gastrointestinal organs are given in Appendix II. Calculations of the percent differences in mean organ measurements that are reported in text were based on least square means from ANCOVAs.
Relationships among variables were determined by using regression and correlation analyses. We used partial regressions to provide statistical control for the covariance of organ masses with body mass (Sokal and Rohlf 1981) . We first obtained correlation coefficients from simple regression analyses. Partial regression coefficients then were calculated to express average change in a dependent variable per unit change in the independent variable with body mass held constant. All data were analyzed with Statistical Analysis System Version 8.0 software (SAS Institute Inc. 1999). Results were considered statistically significant at P Յ 0.05.
RESULTS
Environmental conditions.-Ambient temperatures during the year of our study (1998) (1999) were slightly warmer than the average high and low temperatures of the previous 5 years -1997 Fig. 1A) . In contrast, amount of precipitation was less than that typical of the previous 5 years during all seasons except spring (Fig. 1B) . Average precipitation during autumn and winter was 47% and 16% lower, respectively, than the 5-year average. The amount of precipitation rose dramatically in spring, becoming 23% higher than the 5-year average. Throughout summer, drought conditions existed.
Diet quality.-Percentage protein and fiber in the stomach contents differed among the seasons ( Fig. 2A) . During summer, protein in the stomach contents was 53%-108% greater than in all other seasons (AN-OVA, P Յ 0.005). During spring, mean percentage fiber in the stomach contents was 139%-283% greater than in any other season (ANOVA, P Յ 0.005). The number of stomach and fecal samples tested for fiber content was sometimes small because of pooling of samples to obtain a sufficient mass for testing. Nevertheless, the pattern of results from both sources was similar across seasons (Figs. 2A and 2B) .
No differences were found between lactating females and summer males in percentage protein or percentage fiber of stomach contents (t-test, P Ͼ 0.05; Fig. 2A ).
However, only 2 samples of pooled stomach contents could be tested for fiber for lactating females. Fecal fiber of lactating females was almost twice that of summer males (t-test, P ϭ 0.06).
Body masses.-Body mass of males was highest in autumn and lowest in winter, but did not vary among seasons (ANOVA, F ϭ 1.29, d.f. ϭ 4, 30, P Ͼ 0.05; Table 1 ). Likewise, no difference was found between mean body masses of lactating females and summer males, although 6 of the 8 lactating females were simultaneously gestating a litter. Each gestating litter consisted of 4 fetuses.
Organ lengths.-Few differences occurred in lengths of the intestinal organs among seasons or with lactation. Mean length of the total intestinal tract did not differ among seasons but was 8% longer in lactating females than in summer males (ANCOVA, F ϭ 4.58, d.f. ϭ 2, 13, P ϭ 0.05). Among individual intestinal organs, only cecal length differed with season, being 40% longer on average in winter compared with autumn (ANCOVA, F ϭ 5.97, d.f. ϭ 4, 30, P Յ 0.03; Fig. 3A) . No intestinal organs were longer in lactating females compared with summer males (AN-COVA, P Ͼ 0.05; Fig. 3B ).
Organ masses.-Each of the intestinal organs, but not the stomach, had a lower wet mass in summer compared with most other seasons (Fig. 4A) . Wet mass of the small intestine averaged 29% less in summer compared with other seasons (ANCO-VA, P Յ 0.01). Wet mass of the cecum averaged 37% less in summer and autumn compared with its mean masses in winter and spring (ANCOVA, P Յ 0.001). Likewise, wet mass of the colon was lowest during summer and greatest during spring (ANCOVA, F ϭ 4.35, d.f. ϭ 4, 30, P ϭ 0.01). When masses of the intestinal organs were summed, wet mass of the total gastrointestinal tract averaged 24% less in summer compared with its mass in other seasons (ANCOVA, P Ͻ 0.001).
During lactation in females, wet masses of all gastrointestinal organs were heavier than those of summer males (Fig. 4B ). These differences ranged from 14% for the stomach (ANCOVA, F ϭ 9.32, d.f. ϭ 2, 13, P Ͻ 0.01) to 83% for the colon (ANCOVA, F ϭ 26.40, d.f. ϭ 2, 13, P Ͻ 0.001). Collectively, these differences resulted in a 39% heavier wet mass of total gastrointestinal tract of lactating females compared with that of summer males (ANCOVA, F ϭ 25.73, d.f. ϭ 2, 13, P Ͻ 0.001). Seasonal differences in dry masses of gastrointestinal organs and sections of small intestine were very similar to differences in wet masses (Fig. 5A ). Dry masses of the colon and proximal and distal sections of the small intestine were less in summer (by an average of 33%, 30%, and 41%, respectively) than in all other seasons (ANCOVA, P Յ 0.05). Dry mass of the cecum was lower in summer and autumn compared with winter and spring (ANCOVA, P Յ 0.001). The total dry mass of the gastrointestinal organs also was less in summer, by 21%-30%, compared with other seasons (AN-COVA, P Յ 0.001).
In lactating females, dry masses of all gastrointestinal organs and intestinal sections were heavier than in summer males (Fig. 5) . The difference in means ranged from 10% for the stomach (ANCOVA, F ϭ 7.03, d.f. ϭ 2, 13, P ϭ 0.02) to 75% for the colon (ANCOVA, F ϭ 21.14, d.f. ϭ 2, 13, P Յ 0.001). Total dry mass of gastrointestinal organs also was heavier (by 49%) in lactating females than in summer males (ANCOVA, F ϭ 35.88, d.f. ϭ 2, 13, P Յ 0.0001).
Co-occurring differences in masses of gastrointestinal organs were not attributable to differences in body mass. Cecum and colon dry masses were positively correlated with small intestine dry mass after accounting for variation in body mass (r 2 ϭ 0.77, P Ͻ 0.0005; r 2 ϭ 0.60, P Ͻ 0.02, respectively). Cecum dry mass also had a positive relationship with stomach mass (r 2 ϭ 0.56, P Ͻ 0.03) after accounting for variation in body mass. Small intestine mucosal and serosal masses.-Although variation in masses of the mucosa and serosa both contributed to seasonal differences in mass of the intact small intestine, only differences in the serosa were statistically significant (Table 1) . Mean dry mass of the serosa of the proximal section of the small intestine was 54% less in summer than in autumn (ANCOVA, F ϭ 3.27, d.f. ϭ 4, 26, P Ͻ 0.03). Dry serosa of the distal section weighed 43-57% less in summer than all other seasons (ANCOVA, P Ͻ 0.01). Wet masses followed a pattern similar to dry masses.
The only difference found in mucosal masses was between lactating females and summer males. Mean dry mass of the mucosa of both proximal and distal one third of the small intestine in lactating females was about twice that found in summer males (83% greater, ANCOVA, F ϭ 5.49, d.f. ϭ 2, 13, P Ͻ 0.04; 113% greater, AN-COVA, F ϭ 11.63, d.f. ϭ 2, 13, P Յ 0.005, respectively; Table 1 ). Dry mass of the se-FIG. 5.-Least squares mean (Ϯ 1 SE) dry masses of gastrointestinal organs and the proximal and distal thirds of the small intestine among A) 4 seasons for adult male and B) lactating female Peromyscus leucopus in the field. Differences (P Յ 0.05) among means for individual organs across the seasons are indicated by different letters; differences between means for lactating females and summer males are indicated by asterisks (ANCOVA, * P Յ 0.05; ** P Յ 0.01; *** P Յ 0.005). ST ϭ stomach, PRO ϭ proximal one third of the small intestine, DIS ϭ distal one third of the small intestine, CA ϭ cecum, CO ϭ colon. rosa of the distal section also was greater in lactating females (ANCOVA, F ϭ 4.71, d.f. ϭ 2, 9, P Ͻ 0.04).
Glucose uptake rates in small intestine.-Not surprisingly, no seasonal differences were found in the average maximum rate of glucose uptake (nmol/mg/min), as measured in six 1-cm lengths of the middle one third of the small intestine (ANOVA, F ϭ 0.13, d.f. ϭ 4, 30, P Ͼ 0.05), given the absence of seasonal differences in total and mucosal dry masses of the proximal and distal thirds of the organ (Table 1) . No seasonal differences occurred whether uptake rates were calculated on a per-milligram or per-centimeter basis. Also, no differences were found in mean glucose uptake among the six 1-cm lengths that were tested. We estimated total uptake rate (nmol/min) for the middle one third of the small intestine by multiplying the mean rate of glucose uptake per milligram by the wet mass of the middle one third of the organ. Again, no seasonal differences occurred (ANOVA, F ϭ 2.29, d.f. ϭ 4, 29, P Ͼ 0.05; Fig. 6A ).
The existence of differences in total uptake rates of glucose between lactating females and summer males also was not surprising, given the differences that existed in their small intestine mucosal masses (Table  1) . On a per-milligram basis, glucose uptake rates were similar between lactating females and summer males (t-test, P Ͼ 0.05). However, the total uptake rate for the middle one third of the small intestine was 68% greater in lactating females than in summer males (t-test, P Յ 0.05; Fig. 6B) .
Vital organs.-Some seasonal differences were found in dry masses of individual vital organs (Table 1) , but total dry mass of vital organs did not differ among seasons. Mean dry mass of the heart was greater in autumn and winter than spring and summer (ANCOVA, P Յ 0.01). Mean dry mass of the spleen was markedly greater (87-116%) in autumn compared with its mass in any other season (ANCOVA, P Յ 0.001). Seasonal differences in wet masses of the vital organs were similar to those reported for their dry masses.
Only 1 major difference occurred in FIG. 6 .-Mean (Ϯ 1 SE) rates of active uptake of glucose in the middle one third of the small intestine among A) 4 seasons for adult male and B) for lactating female Peromyscus leucopus in the field. The difference (t-test, P Յ 0.05) between the mean for lactating females and summer males is indicated by an asterisk mean dry masses of vital organs between lactating females and summer males. Dry mass of the spleen was 112% greater in lactating females compared with males captured in the same season (t-test, P Յ 0.001; Table 1 ). Total dry mass of the vital organs did not differ between lactating females and summer males.
DISCUSSION
We documented seasonal and reproductive variation in sizes of all central processing organs, in the function of 1 of those organs (i.e., small intestine), and in the sizes of some vital organs in free-living whitefooted mice. We will 1st discuss relationships between differences in organs among the 4 seasons and prevailing environmental conditions. Second, we will discuss differences in central processing and vital organs that were associated with the energetically intense activity of lactation. Finally, we will discuss the relevance of our results to further research on functional significance of variation in central processing organs in free-living mammals.
Differences among seasons.-Among the central processing organs, the small intestine serves as the primary site for nutrient absorption. The small intestine is highly responsive to changes in energy input, showing changes in the number and transport efficiency of nutrient transporters within hours of an increase in food intake and energy demand (Ferraris and Diamond 1986) . When an increase in energy demand continues over time, increases in lengths and masses of central processing organs typically occur (Wunder 1992) . Our results for mass of the small intestine from autumn through spring (Fig. 5A ) and the heart in autumn and winter (Table 1) suggested greater energy needs during these seasons compared with summer. Nevertheless, the lack of seasonal variation in stomach mass and length, intestinal organ lengths, mucosal mass, and rate of glucose uptake of the small intestine indicated that energy demands experienced by male white-footed mice in the field were never especially intense or highly variable. Whatever increase in metabolic demand occurred during autumn and winter apparently could be fueled without large increases in amount of existing absorptive tissue (i.e., mucosa) or nutrient uptake in the small intestine. Similar results have been reported for deer mice (Peromyscus maniculatus) exposed to cold temperatures in the laboratory (Hammond and Kristan 2000) .
More dramatic seasonal variation in size and function of the small intestine has been reported for other species of small mammals in the wild, when using sample sizes similar to ours; but in each instance the animals inhabited an area with more extreme environmental conditions (e.g., ambient temperatures; Appendix I) than at our field site. In the only published field study (of which we are aware) of nutrient uptake rates in free-living mammals, Bozinovic and Iturri (1990) found that the uptake rate of glucose and tyrosine by the small intestine was 52.5%-75.1% greater in winter than in summer (mean minimum and maximum temperature ϭ Ϫ2-6ЊC and 7-17ЊC, respectively- ) in the field mouse Abrothrix andinus in the Andean mountains of central Chile. In male white-footed mice in Wisconsin, the small intestine and its mucosa had 50% and 100%, respectively, greater dry masses in winter (mean temperature ϭ Ϫ7.8ЊC) than in summer (mean temperature ϭ 19.2ЊC-Derting and Noakes 1995). The occurrence of these marked seasonal differences in intestinal size and function in colder environments compared with our field site suggests that increases in digestive capacity of the small intestine only occur when energy demands are intense. This interpretation is supported by results of other field and laboratory studies in which moderate increases in energy demand were associated with little change in the sizes of central processing organs (Derting 1996; Derting and Austin 1998; Derting and Bogue 1993) .
Seasonal differences in diet composition were another possible contributor to variation in sizes and function of the central processing organs. Variation in dietary protein and fiber may demonstrate the flexible, opportunistic feeding strategy of the whitefooted mouse. Although we did not obtain data on relative abundance of plant and animal matter in diets of the mice, the seasonal variation in dietary protein and fiber was consistent with expected abundance of high-quality plant and animal foods. Based on percentage of protein and fiber in stomach contents and feces (Fig. 2) , white-footed mice likely ingested a diet that was relatively high in its proportion of green vegetative matter and moderate in its proportion of protein in spring. During spring, green shoots provide an attractive food source because of their abundance and relatively high digestibility (i.e., low fiber content) compared with that of mature plants. During summer, protein composed a much greater percentage of the diet compared with other seasons. Insects, a major source of protein, are typically very abundant during summer months and constitute the majority of white-footed mice diets (Wolff et al. 1985) . Green plant matter, although abundant, is a low-quality food resource during the hot, dry summer months when most plants are mature or senescing and have a relatively high fiber content. During autumn and winter, white-footed mice continued to ingest a mixed diet with a low percentage of fiber and a moderate percentage of protein (Fig. 2) .
Hindgut organs were expected to be the most responsive of the digestive organs to seasonal changes in the amount of fiber ingested (Wunder 1992) . The cecum and colon are largely responsible for processing components of the diet that are more difficult to digest, especially fiber. Seasonal variation in sizes of hindgut organs in relation to changes in diet has been reported for other mammal species. Male striped field mice (Apodemus agrarius), another species of omnivorous rodent, had heavier and longer ceca and longer colons during spring when the animal component of the diet was reduced (Borkowska 1995) . The same relationships have been reported for herbivorous species, with notable increases in dry masses of the cecum and colon occurring as intake of plant matter increased (Camp-bell and MacArthur 1996) . This relationship did not hold in our study.
Collectively, our results suggest a combination of proximal causes for smaller masses of all intestinal organs in males during summer (Fig. 5A) . First, with an increase in ingestion of dietary protein and decrease in dietary fiber, and perhaps a reduction in energy demand with warmer temperatures, the absolute amount of food or bulk ingested probably was reduced. As a result, hypertrophy of intestinal organs resulting from greater intake of foods (Derting and Bogue 1993; Hammond and Kristan 2000), which likely occurred from autumn through spring, would diminish. This possibility was supported not only by the smaller size of intestinal organs, but also by the occurrence of less supporting tissue (i.e., serosa) in the small intestine in summer (Table 1) . Serosal mass, which presumably serves to propel digesta along the intestine, has been positively correlated with mass of food ingested ). Second, a weak negative relationship existed between variation in percentage dietary protein and variation in small intestine mass among lactating females and summer males (r 2 ϭ 0.16, P Ͻ 0.03). The increase in dietary protein in summer may have contributed to lower organ masses.
Seasonal variation in percentage of protein in the diet also was associated with change in the sizes of vital organs. A positive correlation between kidney dry mass and percentage protein of stomach contents (r 2 ϭ 0.40, P Ͻ 0.03) was consistent with results of laboratory research. Kidney mass and function, as well as liver dry mass, changed in response to change in protein intake in laboratory mice (Mus musculus) maintained at 23ЊC (Hammond and Janes 1998) . However, differences in dry masses of the liver only occurred when comparing ingestion of a 7% protein food with that of a 46% protein food, a difference much greater than the difference in means for percentage of protein reported in our study ( Fig. 2A) .
Seasonal variation in other vital organs implicated an additional factor as a potential contributor to change in organ size. Variation in immunocompetence may explain the higher wet and dry masses of the spleen that occurred during autumn compared with most other seasons (Table 1) . Increases in mass of the spleen during autumn may enhance immunocompetence before entering the energetically stressful period of winter (Demas and Nelson 1996) .
Differences among organs during lactation.-Our results indicate that for whitefooted mice at our field sites, the energetic cost of lactation had a greater effect on central processing organs than did the cost of accommodating seasonal change in environmental conditions (i.e., temperature and diet quality). Masses (but not lengths) of organs, mucosal masses, and rate of glucose uptake differed between lactating females and summer males. We attribute these differences in organ sizes and function primarily to the high energetic cost of lactation, and secondarily to diet.
Our reported differences in masses of cecum and small intestine between lactating females and summer males were similar to those found in reproductively active female striped field mice (A. agrarius) compared with conspecific males trapped during the same season (Borkowska 1995) . Increased sizes of central processing organs are characteristic of periods when energy demands are intense and animals must ingest large amounts of food on a daily basis to maintain energy balance (Derting and Austin 1998; Speakman and McQueenie 1996) . Greater masses of intestinal organs in lactating females were most likely a hypertrophic response to increased amounts of food intake, rather than or in addition to, a difference in diet composition. This conclusion is supported by the occurrence of simultaneous increases in hindgut and foregut organs, as indicated by results of correlation analyses. If a change in diet composition was the primary factor affecting central processing organs, then different patterns of change would be expected in hindgut compared to foregut organs (Hammond and Wunder 1991) . Differences in energy demand and food ingestion may not account fully for the differences in organ measurements between lactating females and summer males. In contrast to our results, deer mice nursing 4 young in the laboratory exhibited no differences in sizes of central processing organs compared with nonreproductive females (Hammond and Kristan 2000) . Likewise, an increase in summed rate of glucose uptake was associated with our lactating white-footed mice in the field in the present study, but not in deer mice in the laboratory. However, lactating females in both the field and laboratory did exhibit greater masses of the stomach and intestinal mucosa compared with their nonreproductive counterparts.
Based upon energy budget analyses conducted in the laboratory, the total cost incurred by females of both species (i.e., white-footed and deer mice) for maintaining themselves and nursing a litter of 4 young from day 1 to day 22 after parturition was similar (i.e., 654 kcal-Millar 1978 (i.e., 654 kcal-Millar , 1979 . Assuming that litter sizes found in utero in lactating white-footed mice (mean litter size ϭ 4, n ϭ 6) in this study were representative of the sizes of litters actually being nursed, females of the 2 species probably had similar costs of lactation. However, the cost of lactation was expected to be higher in deer mice in the laboratory than in animals in the field in this study because all measurements of organs in the deer mice were conducted when costs of lactation were maximal. The animals in the field, in contrast, were probably in various stages of lactation. Although most of the lactating white-footed mice were simultaneously gestating a litter, most of these litters were in early phases of gestation, a time when any added cost of gestation is of little significance (Norrie and Millar 1990) . Thus, at least some if not most of the whitefooted mice in the field in the present study were expected to have reproductive costs below those of deer mice in the laboratory at the time that organ measurements were made.
What then explains the greater differences in central processing organs in lactating free-living white-footed mice compared with lactating deer mice in the laboratory? A difference in diet composition is the most probable explanation. The diet of the laboratory deer mice (55% sucrose, 15% protein, 7% fat, and 15% fiber) contained half as much dietary fiber as that found in colon contents of the free-living white-footed mice when lactating (28%; Fig. 2B) . Also, the amount of sucrose and fat in the laboratory diet was probably much higher than that in the diet ingested by wild white-footed mice (Wolff et al. 1985) . With a highenergy, low-fiber food source, fewer changes in central processing organs may have been necessary to accommodate energy demands associated with lactation in deer mice in the laboratory. In addition, the higher food quality and availability in the laboratory may have contributed to a greater reserve capacity in some central processing organs in the deer mice (i.e., the small intestine). These possibilities are supported by the existence of much greater amounts of small intestine tissue (but not stomach or cecum tissue) in nonreproductive deer mice than summer male white-footed mice in the present study. The total dry mass of proximal and distal sections of the small intestine in summer males approximated 0.054 g. Assuming that mass of the middle intestinal section was comparable to that of the proximal section , estimated dry mass of the entire small intestine was 0.087 g. In nonreproductive deer mice, estimated dry mass of the small intestine was 2 times greater (Hammond and Kristan 2000) . Maintenance of a greater reserve capacity, in the form of greater intestinal tissue, would reduce the necessity of increasing intestinal organ size and function when energy demands increase.
Examination of our results indicated that no increase in masses of vital organs was necessary to process and distribute the increased quantity of absorbed nutrients and to excrete the increased quantity of metabolic wastes that presumably occurred with increased food intake during lactation (Table 1). These results agree with those from lactating deer mice in the laboratory, which exhibit no differences in the masses of spleen, lungs, kidneys, or liver, and have a smaller heart mass compared with nonreproductive females (Hammond and Kristan 2000) . In our study, only the spleen differed in mass between lactating females and summer males. High prolactin levels can enhance immune function (Reber 1993) and, during the enhancement process, may stimulate high spleen masses. Such stimulation may account for the 50% greater spleen mass of female P. leucopus during late pregnancy compared with nonpregnant females (Davis et al. 1961 ). Other studies reporting measurements of vital organs in lactating females in the field were not available for comparative purposes. However, we predict that increases in masses of the vital organs may or may not occur depending on the type of energetic challenge (e.g., cold temperature or reproduction) incurred by free-living mammals.
Conclusions.-Much of the research on change in central processing and vital organs during the past decade has focused on responses of laboratory animals to energy demands that probably far exceed those experienced by many animals in their natural habitat. Results of our and other field studies have indicated that free-living mammals often do not exhibit the large differences in organ sizes (e.g., intestinal organ lengths or liver mass) and function that have been reported for laboratory animals. Nevertheless, the importance of change in size and function of central processing organs as a means of accommodating change in environmental conditions in the field was indicated by differences that did occur in white-footed mice in relation to season and lactation. In addition, examination of our results suggests that variables seldom considered in laboratory studies, such as fluctuations in diet composition, can be important contributors to change in central processing and vital organs. Studies that determine the energetic costs and trade-offs associated with anatomical and physiological changes of organ systems would contribute substantially to our understanding of the functional significance of phenotypic plasticity as a component of the energy budgets of animals.
APPENDIX I
Published reports of field studies in which variation in central processing organs in relation to season, diet quality, or lactation was examined in small mammals. Derting and Hornung (current study) Norrie and Millar (1990) Derting (1996) a S ϭ differences (P Յ 0.05) that occurred in organ size and length or in rates of nutrient uptake by the small intestine; NS ϭ no significance difference.
APPENDIX II
Measurements (nonadjusted means) of central processing and vital organs for male white-footed mice in each season and lactating females in summer. Proximal and distal refer to the anterior and posterior thirds of the small intestine. 
